A comprehensive set of optical and near-infrared (NIR) photometry and spectroscopy is presented for the faint and fast 2008ha-like supernova (SN) 2010ae. Contingent on the adopted value of host extinction, SN 2010ae reached a peak brightness of −13.8 > MV > −15.3 mag, while modeling of the UVOIR light curve suggests it produced 0.003-0.007 M of 56 Ni, ejected 0.30-0.60 M of material, and had an explosion energy of 0.04-0.30×10 51 erg. The values of these explosion parameters are similar to the peculiar SN 2008ha -for which we also present previously unpublished early phase optical and NIR light curves-and places these two transients at the faint end of the 2002cx-like SN population. Detailed inspection of the post maximum NIR spectroscopic sequence indicates the presence of a multitude of spectral features, which are identified through SYNAPPS modeling to be mainly attributed to Co ii. Comparison with a collection of published and unpublished NIR spectra of other 2002cx-like SNe, reveals that a Co ii footprint is ubiquitous to this subclass of transients, providing a link to Type Ia SNe. A visual-wavelength spectrum of SN 2010ae obtained at +252 days past maximum shows a striking resemblance to a similar epoch spectrum of SN 2002cx. However, subtle differences in the strength and ratio of calcium emission features, as well as diversity among similar epoch spectra of other 2002cx-like SNe indicates a range of physical conditions of the ejecta, highlighting the heterogeneous nature of this peculiar class of transients.
Introduction
In recent years dedicated transient search programs have led to the tantalizing discovery of a diverse population of hydrogen deficient, rapidly evolving supernovae (SNe). Detailed studies of these new transients have lead to the emergence of a hand- ful of sub-classes whose origins are a matter of open debate. For instance, SNe 2002bj and 2010X had extremely short rise times (τ R ≤ 7 days), reached peak absolute R-band magnitudes (M R ) of −18 and −17 mag, respectively, and exhibited expansion velocities on the order of 10 4 km s −1 ; altogether suggestive of progenitors with very small ejected masses, i.e., < 0.5 M (Poznanski et al. 2010; Kasliwal et al. 2010; Perets et al. 2011) . Another group of fast evolving transients recently identified consists of, amongst others, SN 2005E (Perets et al. 2010) , PTF 09dav , and SN 2012hn (Valenti et al. 2013 ). These objects share the characteristics of low peak luminosities ranging between M R ∼ −15.5 to −16.5 mag, rapid rise times (τ R ≤ 12-15 days), nebular phase spectra dominated by prevalent calcium features, and are preferentially located in the outskirts of their host galaxies.
Adding to this assortment of newly identified transients are a number of peculiar Type Ia supernovae (SNe Ia) that probably originated from non-standard thermonuclear explosions. Excluding the so-called super-chandrasekhar mass SNe Ia, examples of these typically faint objects that show a diverse set of observational properties include SN 2002es (Ganeshalingam et al. 2012) , SNe 2006bt and 2006ot Stritzinger et al. 2011) , and PTF10ops (Maguire et al. 2011) . In addition to these unusual objects are the members of the spectroscopically defined peculiar 2002cx-like class of SNe Ia, which have recently garnered considerable interest within the community. SN 2002cx-like or Type Iax supernovae (SNe Iax, see Foley et al. 2013 , and references therein) exhibit a bizarre set of observational properties including a considerable range in luminosity (M R ∼ −14 to −19 mag), as well as low values of kinetic energy (∼ 10 49 erg) and ejected mass (0.15-0.5 M ). Of particular interests is the extreme Type Iax SN 2008ha, which peaks at M B ≈ −14 mag and has photospheric expansion velocities between 4500-5500 km s −1 , is the faintest and least energetic stripped-envelope SN yet observed (Foley et al. 2009; Valenti et al. 2009; Foley et al. 2010a ).
This paper presents detailed optical and near-infrared (NIR) observations of the faint and fast Type Iax SN 2010ae that as we demonstrate, share many characteristics to SN 2008ha. To facilitate a detailed comparison between these two objects, previously unpublished optical and NIR photometry of SN 2008ha taken by the Carnegie Supernova Project (CSP; Hamuy et al. 2006 ) are also presented. To maintain focus on SN 2010ae, details concerning the observations and data reduction of SN 2008ha are deferred to the Appendix. For an in-depth analysis on SN 2008ha the reader is referred to papers by Foley et al. (2009) , Valenti et al. (2009), and Foley et al. (2010a) .
Supernova 2010ae
The supernova was discovered in unfiltered images by the CHilean Automatic Supernova sEarch (CHASE; Pignata et al. 2010 ) on 2010 February 22.06 UT. With J2000.0 coordinates of α = 07 h 15 m 54. s 65 and δ = −57
• 20 36. 9, the location of SN 2010ae is less than 1. 0 from the center of the type-Sbpeculiar galaxy ESO 162−17 (see Figure 1 ). Previous nondetection images were obtained on 2010 February 10.11 UT and 2010 February 17.11 UT, indicating that the discovery epoch was within a week after the explosion. To determine the detection limit of these images 1000 artificial stars were distributed randomly within their field, and magnitudes of these stars were computed with the use of the task SExtractor. From this exercise a robust 3σ upper detection limit of 19.2±0.1 mag was computed. However, this upper limit is valid only for the field, whereas at the position of the SN the background flux is higher. We then estimated the background noise at the position of the galaxy in the template subtracted pre-discovery search images and compared this to the noise of the field. From this experiment the magnitude limit at the SN position is determined to be 0.33 mag shallower than that of the field. This translates to a final magnitude limit at the position of the SN of 18.9 mag, which is included in the plot of the broadband light curves presented below (see Figure 2) .
Based on an initial optical spectrum that exhibited prevalent C ii λ6580 absorption, we initially classified SN 2010ae as a bright SN Ia (Stritzinger et al. 2010a ). However, with the addition of spectra covering an extended wavelength range, it became evident this was a low-luminosity 2008ha-like SN Iax around maximum (Stritzinger et al. 2010b) . Given its peculiar nature, an intensive followup campaign was initiated, that was made possible through the collaborative efforts between members of the CSP, the Millennium Center for Supernova Science (MCSS; Hamuy et al. 2012) , and the SN ESO Large Program (PI S. Benetti).
The redshift of ESO 162−17 is listed in the NASA/IPAC Extragalactic Database (NED) as z = 0.0037, which when adopting an H • = 73 ± 5 km s −1 , corresponds to a Hubble flow distance (corrected for a Virgo and Great Attractor infall model) of 12.9±0.9 Mpc. This value is consistent with the Iband Tully-Fisher distance of 13.1±3.5 Mpc (µ = 30.58±0.58 mag) as reported by Springob et al. (2009) . In what follows the Tully-Fisher distance is adopted to set the absolute flux scale of SN 2010ae.
Host reddening and metallicity estimates
The NED galaxy database provides a Milky Way extinction in the direction of ESO 162−17 of E(B − V ) MW = 0.124 ± 0.012 mag (Schlafly & Finkbeiner 2011) , that when adopting a Fitzpatrick (1999) reddening law characterized by an R V = 3.1, corresponds to A V = 0.38 mag.
Accurately estimating the reddening of SN 2010ae associated with dust external to the Milky Way is problematic at best. Unfortunately, the limited sample of SNe Iax currently prevents us from determining whether or not these objects have standard intrinsic colors . We are therefore largely limited to relying on empirically-derived relations between the equivalent width (EW) of Na i D absorption and host color excess E(B − V ) host . These relations are commonly derived from observations within the Milky Way (e.g. Munari & Zwitter 1997; Poznanski, Prochaska, & Bloom 2012) , and provide values with a ∼68% uncertainty of the value of A V . Nevertheless, as an initial guide to estimating E(B − V ) host we use this relation based on EW measurements of conspicuous Na i D contained within the mediumresolution X-shooter spectra (see Section 5.1) at the redshift of the host galaxy. From the series of seven epochs of X-shooter spectra, a Gaussian function was fit to each component, yielding averaged EW values of Na i D1 = 0.74 ± 0.06Å and Na i D2 = 0.58 ± 0.06Å. Combining these averaged values with the empirical relation of Poznanski, Prochaska, & Bloom (2012; see their Eq. 9) , which provides an approximation between the EW of Na i D and the color excess within the Milky Way, we obtain E(B − V ) host = 0.50 ± 0.42 mag. Adding this to the Galactic component, the total color excess of SN 2010ae is estimated to be E(B − V ) tot ∼ 0.62 ± 0.42 mag (i.e. A V = 1.9 mag). This value is consistent with the E(B − V ) tot = 0.6 mag adopted by Foley (2013) for a comparison between a maximum light spectrum of SN 2010ae and the normal Type Ia SN 2011fe. We stress that the application of relations between the EW of Na i D and color excess are far from quantitative, and provide a rather uncertain estimation. In what follows, results are therefore provided considering a range of dust extinction values extending from the Milky Way component, the combination of the Milky Way and host component derived from the Na i D absorption, and for the intermediate value E(B − V ) moderate = 0.30 mag.
Finally, we note that the Balmer decrement was used to provide another independent measurement of the total color excess. By extracting a region near the position of the SN from our last epoch optical spectrum, Hα to Hβ line fluxes were measured to give a ratio of 5.7. Combining this ratio with relations between the Balmer decrement and color excess from Xiao et al. (2012) and Levesque et al. (2010) , we obtain total (host+Milky Way) color excess values of E(B − V ) tot = 0.59 mag and E(B − V ) tot = 0.69 mag, respectively. These estimates are consistent with the E(B − V ) tot ∼ 0.62 mag inferred from the Na i D absorption. Below broadband color curves are examined as a potential avenue for estimating host extinction (see Section 4.1).
To estimate the metallicity of the host near the location of SN 2010ae, we turn to line diagnostics derived from conspicuous, narrow host-emission features that are readily measured in the low-resolution optical spectra. After careful inspection of the full time series, three epochs of spectra, obtained on 1, 2, and 4 of March 2010 were deemed to be of high enough quality and signal-to-noise to afford robust metallicity measurements.
Oxygen abundance metallicities were derived using the empirically based N2 and O3N2 calibrations of Pettini & Pagel (2004) . Gaussian fits to the Hα and [N ii] λλ6548, 6583 emission lines contained within the three epochs yield an averaged local metallicity of 12 + log(O/H) = 8.40±0.18 dex, calibrated on the N2 scale. Here the quoted uncertainty accounts for both measurement and systematic errors. For comparison, the O3N2 method suggests an averaged local metallicity of 12 + log(O/H) = 8.34±0.14 dex, where again the quoted uncertainty includes measurement and systematic errors. These oxygen abundance metallicities correspond to 0.52 and 0.44 the known solar metallicity of ∼8.69 dex (Asplund et al. 2009) , and so are consistent with the metallicity of the LMC. dex, calibrated to the N2 and O3N2 scales. It will be interesting to see in the future if the whole population of SNe Iax occurs in moderately low metallicity environments, or whether this is limited only to those objects located at the extremely faint end of the class.
Observations

Optical and NIR imaging
Two months of g r i z BV -band and unfiltered imaging of SN 2010ae was performed, extending from −2 to +61 days relative to the epoch of B-band maximum (hereafter, T (B) max ). The broadband monitoring was obtained as a part of CHASE with the PROMPT telescopes (Reichart et al. 2005) , while two additional epochs of imaging was taken with the Swope 1-meter (+SITe3 CCD camera) telescope located at the Las Campanas Observatory (LCO). Additionally, starting around maximum and extending for a period of ∼ 3 weeks, nine epochs of NIR Y JHband imaging was also obtained at LCO with the Swope 1-m (+RetroCam) and the du Pont (+WIRC) 2.5-m telescopes. All imaging was processed in a standard manner following procedures described in Stritzinger et al. (2011, and reference therein) .
Photometry of the SN was computed differentially with respect to a sequence of local stars in the field of the host galaxy. The optical local sequence consists of 22 stars calibrated with respect to Landolt (1992) and Smith et al. (2002) photometric standard fields observed over the course of multiple photometric nights. These standard fields therefore provide g r i z photometry in the AB photometric system and BV photometry in the Vega photometry system. The NIR local sequence consists of 37 stars calibrated using Persson et al. (1998) standards observed with the Swope, depending on the particular star due to the pointing of the telescope, over the duration of 2 to 8 photometric nights. The Y -band local sequence was calibrated relative to the (J − K s ) relation provided in Hamuy et al. (2006, see Appendix C, Equation (C2) ). Absolute photometry of the local sequence stars is provided in Table 1 . We note that our entire sequence of unfiltered images was used to compute an unfiltered light curve relative to the local sequence calibrated to the R band.
Prior to computing photometry of the SN, galaxy subtraction was performed on all science images in order to remove significant contamination associated with host-galaxy light. Multiple optical and NIR templates were obtained with the PROMPT and Swope telescopes well after the SN faded. These images were stacked to create deep master templates and implemented to subtract the galaxy light at the position of the SN following the method described by Contreras et al. (2010) .
The light curves of SN 2010ae are plotted in Figure 2 , and the corresponding definitive optical and NIR photometry is listed in Tables 2 and 3 
Spectroscopy
With substantial target-of-opportunity (ToO) access on GeminiSouth (+GMOS) and the VLT (+X-Shooter), along with visitor nights at the NTT (+EFOSC, SOFI), SOAR (+GOODMAN), and du Pont (+WFCCD) telescopes, a detailed time series of optical and NIR spectrscopy was obtained for SN 2010ae. The resulting early phase time series consists of 21 spectra covering 20 epochs of optical spectroscopy, extending from −2d to +57d relative to T (B) max , as well as eight NIR spectra covering seven epochs ranging from −1d to +18d. Additionally, at late phases a visual-wavelength spectrum was taken with the VLT (+FORS2) on +252d. The journal of spectroscopic observations is presented in Table 4 .
All low-resolution spectra were reduced in the standard manner using IRAF 13 scripts following the techniques thoroughly described by Hamuy et al. (2006) . To reduce the Gemini-S spectra, we made use of the IRAF gmos package following standard reduction methods. In the case of the X-Shooter spectra, the esorex pipeline was utilized to produce rectified 2-D images. Each 2-D X-Shooter spectrum was then optimally extracted and flux calibrated using the nightly sensitivity function derived from standard star observations. Telluric absorption corrections derived from observations of appropriate standards obtained prior to and/or after each set of science exposures were applied to each NIR spectrum. When necessary the fluxing of the time series of 1-D spectra was adjusted to match the broadband photometric values. In these instances an average value derived from the ratio between the g V r i synthetic and broadband magnitudes was applied to the extracted spectra as a multiplicative constant. Since fluxing of the Gemini-S spectra was performed through the use of a generic sensitivity function, the adjustments for these particular spectra were at times as large as a factor of 1.5 of the flux.
The final optical and NIR spectroscopic sequences of SN 2010ae are plotted in Figures 3 and 4 , respectively, and the late-phase optical spectrum of SN 2010ae is shown in Figure 12 , compared to a similar epoch spectrum of the Type Iax SN 2002cx (Jha et al. 2006 ).
Light Curve Analysis
Optical and near-IR Light Curves
The photometry of SNe 2008ha and 2010ae plotted in Figure 2 reveal similar bell-shapped light curves, characterized by a fast rise to maximum followed by a subsequent decay, and yield no evidence for a secondary maximum. Basic light curve parameters of these two objects were measured from Guassian process functional fits to the photometry. Table 5 lists the key observables including the time of maximum, apparent and absolute peak magnitudes, and values of the decline-rate parameter, ∆m 15 . Here ∆m 15 is defined as the magnitude change from the time of maximum brightness to 15 days later. In the case of normal SNe Ia, ∆m 15 is known to correlate with the peak absolute luminosity in such a way that more luminous objects exhibit smaller ∆m 15 values (Phillips 1993) . However, in the case of SNe Iax this relationship is known to exhibit significant scatter . The quoted uncertainty of the light curve fit parameters summarized in Table 5 are robust estimations derived from Monte Carlo simulations, while the associated uncertainty of the absolute magnitudes account for both errors in the fit and the adopted distance. Given our inability to accurately estimate the host extinction, a range in absolute magnitude is given for each passband assuming the Galactic component and E(B − V ) tot = 0.62 mag. We note that in order to compute the peak absolute magnitudes of SN 2008ha a Galactic reddening value of E(B − V ) M W = 0.07 mag was used and no host reddening was adopted.
Functional fits to the light curve fits of both SN indicate the following general trends: (i) the bluer the bandpass, the earlier in time maximum light is reached, with a ≈ 9-day delay between the time of B-band and H-band maxima and, (ii) the bluer the filter, the faster the light curve evolves as parameterized by the decline-rate ∆m 15 .
At peak brightness SNe 2008ha and 2010ae reached M B = −13.79 ± 0.14 mag and, depending on the adopted extinction value, −13.44±0.54 M B −15.47±0.54 mag, respectively. Even when adopting an A B = 2.5 mag, SN 2010ae comfortably sits as the second least luminous SN Iax yet observed, and if only Galactic extinction is adopted, is 0.3 mag less luminous than SN 2008ha. The H-band light curves, which are less susceptible to dust extinction imply SN 2008ha is at most ∼0.8 mag brighter than SN 2010ae (see Table 5 ). Interestingly, SN 2010ae exhibits a faster B-band light curve decline with ∆m 15 (B) = 2.43 ± 0.11 mag as compared to SN 2008ha with ∆m 15 (B) = 2.03 ± 0.20 mag, however, SN 2008ha has marginally higher decline rates in the redder bands (see Table 5 ).
We now compare optical colors of SNe 2008ha and 2010ae. Color curves normally tend to track the photospheric temperature evolution, and in the case of some SN types, can provide constraints on dust extinction. The (B − V ), (V − r) and (V − i) color curves of SNe 2008ha and 2010ae are plotted in Figure 5 , corrected only for Galactic reddening. For comparison, the (B − V ) and (V − r) color curves of the normal Type Ia SN 2006ax (Contreras et al. 2010) , are also plotted in Figure 5 , and reveal a noticeably different morphology. At the earliest epochs the colors of SNe 2008ha and 2010ae are at their bluest value, corresponding to the phase when the photospheric temperature is at its highest value. As the ejecta expand and cool the colors evolve towards the red, reaching a maximum value between 15−20 past T (B) max , whereupon the colors appear to level off, or in the case of the (B − V ) color curve of SN 2008ha evolves back towards the blue.
Comparing the color curves between the two objects, it is evident that at maximum brightness they exhibit nearly identical (B−V ) colors, however, by +10d SN 2010ae appears ≈ 0.6 mag redder than SN 2008ha. Interestingly, this is consistent with the estimated upper limit on E(B − V ) tot = 0.62 mag. However, inspection of the (V − r) and (V − i) colors at the same epoch reveals that SN 2010ae is redder than SN 2008ha by about half of what is expected for E(B − V ) tot = 0.62 mag. This highlights the complexities of attempting to separate intrinsic colors from effects associated with dust reddening of SNe Iax, and further progress will certainly require an expanded sample to determine if it is at all possible to disentangle these parameters.
SEDs, UVOIR light curves and light curve modeling
The comprehensive optical and NIR photometry allow for the construction of broadband spectral energy distributions (SEDs) and UVOIR (Ultra-Violet-Optical-InfaRed) bolometric light curves. To begin, the NIR light curves of SNe 2008ha and 2010ae were interpolated so NIR magnitude could be measured on dates corresponding to the optical-band observations. Additionally, the NIR light curves also required extrapolation as their temporal coverage is not as complete as in the optical. This was accomplished by computing the (i − Y ), (Y − J), and (J − H) colors at the first and last observed NIR epochs. These colors were then used to extrapolate the NIR light curves to all phases covered by the optical broadband observations. In the case of SN 2008ha its u-band light curve was also extended in time adopting the (u − B) color computed from photometry obtained on the last epoch of u-band observations. Additionally, to extend the time coverage of SN 2008ha's UVOIR light curves beyond +28d, we utilized published broadband photometry presented by Foley et al. (2009) and Valenti et al. (2009) . All of the photometry was next corrected for extinction and converted to flux at the effective wavelength of each passband, allowing for the construction of the SEDs.
Plotted in Figure 6 are the SEDs of SNe 2008ha and 2010ae at maximum light. In the case of SN 2010ae, SEDs are shown for three color excess values. Clearly at this phase (and later) most of the flux is emitted at optical wavelengths, while SN 2010ae shows more flux at red wavelengths than does SN 2008ha. The effect of adopting the high extinction value on the SED of SN 2010ae leads to a larger departure than both the Galactic only extinction value and SN 2008ha. If one were to assume that these two SN have similar intrinsic colors, this would then suggest that the E(B − V ) host value based on the EW of Na i D absorption provides an over estimation.
To compute the UVOIR light curves the full time series of SEDs were integrated over flux from B to H bands using a simple trapezoidal technique, and assuming zero flux beyond the extremes of the wavelength range. The results are shown in Figure 7 , where for SN 2010ae UVOIR light curves are presented for values of E(B − V ) M W = 0.12 mag, E(B − V ) moderate = 0.30 mag, and E(B−V ) tot = 0.62 mag. Like the individual absolute magnitude light curves, SN 2010ae is found to be, depending on the adopted color excess value, marginally fainter, consistent with or brighter than SN 2008ha.
Key explosion parameters of SNe 2008ha and 2010ae were estimated through model fits to the UVOIR light curves. The model is based on analytical solutions to Arnett's equations (Arnett 1982) , and provides estimates of ejecta mass (M ej ), the radioactive 56 Ni content (M N i ), and the kinetic energy (E k ) of the explosion. The model fits follow the methodology presented by Valenti et al. (2008; see their Appendix A) , and relies upon a number of underlying assumptions including: homologous expansion of the ejecta, spherical symmetry, no appreciable mixing of 56 Ni, constant optical opacity (in this case κ opt = 0.1 cm 2 g −1 ), and the diffusion approximation for photons. An important input parameter used to compute a model light curve is an expansion velocity (v ph ) of the ejecta. We opted to compute a grid of models that encompasses a range of velocities bracketing the value of the photospheric velocity inferred from SYNAPPS (Thomas, Nugent & Meza 2011) synthetic spectral fits to our near maximum light optical spectra of SNe 2008ha and 2010ae (see below). Our SYNAPPS analysis of the near maximum light spectra of SNe 2008ha and 2010ae provides photospheric expansion velocities that range between 4500 < v ph < 5500 km s 51 , and 0.04-0.26×10 51 erg. In summary, when comparing these two faint and fast transients, depending on the adopted host extinction value, we find that SN 2010ae produced a similar amount of M N i , and marginally higher values of M ej and E k than SN 2008ha.
Spectroscopic analysis
Early phase spectroscopy
The spectroscopic time series of SN 2010ae (see Figures 3 and  4) represents among the most complete temporal and wavelength coverage yet obtained for an SN Iax, allowing for the opportunity to gain new insight into the nature of this class of transients. The visual-wavelength time series exhibits rich structure characterized by numerous low-velocity P-Cygni spectral features formed by both intermediate-mass elements (IMEs) and Fe-group elements. As the SN evolves through maximum, the strength of many of the IMEs decreases, even becoming in some cases un-identifiable (e.g. C i), while simultaneously, features associated with Fe-group elements begin to dominate. At NIR wavelengths the −1d spectrum exhibits a rather smooth, featureless continuum superposed by a handful of notches. In the next observed spectrum (+9d) a dramatic transformation occurs, revealing a significant number of prominent low-velocity emission features. The spectral evolution is reminiscent of that observed in normal SNe Ia (e.g. Hsiao et al 2013) ; however, given the extremely low kinetic energy of SN 2010ae, its NIR spectrum exhibits numerous features that emerge relatively rapidly after maximum.
Close examination of the high signal-to-noise spectra of SN 2010ae indicates the presence of a multitude of hostgalaxy emission lines associated with a diffuse H ii region. Discernible emission features include: 3889, 3970, 4102, 4340, 4861, 6563 , and He i λλ5876, 6678, 7065 emission features. From a detailed inspection of the 2-D spectra, we can conclude that the extended H ii region emission is in the vicinity of the SN; however, the local peak observed in Hα is found not to be coincident with the position of the SN.
In addition to the nebular emission lines, an excess of flux blue-wards of ∼ 4500Å is evident in the +52d and +248d (see below) spectra, most likely due to incomplete background subtraction. Under closer scrutiny, the absorption features contained within the blue portion of the +52d spectrum closely resemble those of an E+A post-starburst galaxy. From this we infer that SN 2010ae likely exploded in an environment which underwent an episode of star formation within the last ∼1 Gyr
Returning to the SN features, in order to understand which ions are responsible for the numerous absorption and emission features that characterize the spectroscopic time series of SN 2010ae, we turn to the parameterized spectral synthesis code SYNAPPS (Thomas, Nugent & Meza 2011) . Based on the workings of SYNOW (Fisher 2000; Branch, Dang & Baron 2009) , SYNAPPS is an enhanced and automated spectral synthesis code that relies on a number of underlying assumptions (for complete details see Thomas, Nugent & Meza 2011, and references therein) , and therefore its results should be approached with caution. However, it does provide a fast and effective guide for line identification for a variety of SN types, and is quite useful for studying transient objects that are poorly understood. The input parameters required to compute a synthetic spectrum consist of a black-body temperature (T BB ), an e-folding velocity (v e ) for the exponentially declining optical depth distribution, and a list of ions. Each ion requires an additional set of input parameters, including an excitation temperature (T exc ), an optical depth (τ ), and a photospheric velocity (v ph ) of the opacity distribution.
To identify the most pertinent spectral features SYNAPPS models were computed for the −1d and +18d spectra. Given the lack of absorption features in the −1d NIR spectrum, a fit at this epoch was limited to only optical wavelengths. When computing the SYNAPPS spectrum an extended set of ions was used in the calculation including:
Co ii. The resulting best-fit synthetic spectrum is compared to the −1d spectrum in Figure 8 . Here the synthetic spectrum was computed with v ph = 5960 km s −1 , and as indicated in the figure a subset of 12 of the above IMEs and Fe-group ions, which provide plausible contributions to the observed spectral features. Ions of IMEs account for numerous spectral features throughout the optical spectrum, while Fe-group ions are largely responsible for forming a multitude of features that dot the blue end of the spectrum (for a slightly alternative SYNOW spectrum, see Foley 2013) .
To obtain a synthetic spectrum that provides a reasonable match to the extended +18 day X-Shooter spectrum, it was found that a subset of ions characterized by different v ph values provides the best fits to the observed spectrum. Figure 9 displays the resulting best-fit SYNAPPS synthetic spectrum, where the optical and NIR spectra are shown in the top and bottom panels, respectively. At optical wavelengths a decent synthetic spectrum fit is obtained with v ph = 4200 km s −1 , and the same ions as indicated in Figure 8 , except excluding S i, S ii and Fe iii, and including Mg ii. Instead, the NIR spectrum is found to be described with v ph = 1700 km s −1 , and a smaller subset of ions including O i, Si iii, Ca ii, Fe ii, and Co ii. Of these ions, Co ii clearly dominates the rich structure observed in the wavelength regions that correspond to the H and K passbands. Figure 10 exhibits the time evolution of the blue-shifted line velocities (v exp ) for a set of ions that suffer minimal to no line blending. Specifically, v exp is plotted for IMEs and Fe-group ions located at optical wavelengths including Ca ii H&K, Na i λ5893, Si ii λ6355, C ii λ6580, Fe ii λ6149 and Fe ii λ6247; also plotted are v exp values associated with NIR Co ii features at 15759Å, 16064Å, and 16361Å. Around maximum the IMEs exhibit v exp values that range from ≈ 4300 km s −1 up to ≈ 7100 km s −1 , while Fe ii λ6149 exhibits v exp ≈ 6140 km s −1 . As the SN evolves, v exp is observed to decrease for all features, with the Fe ii λλ6149, 6247 features being observed in the +57d spectrum to reach v exp ∼ 1250 km s −1 . Between +9d to +18d as the Co ii lines emerge and dominate the NIR spectrum their measured line velocities appear consistent with an averaged value ranging from ∼ 3300 to 2000 km s −1 , which is ∼ 800 km s
below those inferred from the optical Fe ii features.
Spectral Comparison of SN 2010ae to relevant SNe Iax
We now proceed to compare spectra of SN 2010ae to other relevant SNe Iax. Plotted in the left panel of Figure 11 are the −1d and +14d visual-wavelength spectra of SN 2010ae compared to similar epoch spectra of SN 2008ha (Foley et al. 2009 (Foley et al. , 2010a . Overall the comparison reveals that these objects are spectroscopically similar, particularly at maximum. Close inspection indicates that the main difference between these two transients is the blue-shifts of the absorption lines, with SN 2010ae exhibiting higher expansion velocities. This results in an enhancement of line blending of many of the low-velocity spectral features that are more clearly resolved in SN 2008ha (see bottom left panel of Figure 11 ). Nevertheless, the most prevalent ions in both objects are in close agreement.
Turning our attention to redder wavelengths, unfortunately no NIR spectra of SN 2008ha were obtained preventing a oneto-one comparison. Indeed NIR spectra of the spectroscopic defined SNe Iax class are nearly nonexistent, with the only published observations being those consisting of a sequence of five epochs taken of the bright SN 2005hk (peak M V ∼ −18 mag; Phillips et al. 2007 ), which were recently presented by Kromer et al. (2013) . Making use of a subset of that unique data set, plotted in the right panel of Figure 11 is a comparison between NIR spectra of SN 2005hk and SN 2010ae obtained just prior to maximum light and around three weeks later. Interestingly, although SN 2005hk is more than 3 mag brighter than SN 2010ae at maximum, their NIR spectra are very similar. At −1d the spectra are characterized by a relatively smooth continuum with no prevalent features red-wards of ∼1.2 µm. This is consistent with what is observed in other normal SN Ia, however at much earlier epochs (see e.g. Hsiao et al 2013) . As revealed in the bottom panel, the +27d spectrum of SN 2005hk exhibits many of the same Fe-group (mostly cobalt) spectral features as in the +18d spectrum of SN 2010ae, though these features become more prominent in SN 2010ae on a shorter timescale.
Late-phase spectrum
The late-phase spectrum of SN 2010ae provides a unique opportunity to examine the nature of an SN Iax positioned at the faint end of the population. As is evident from Figure 12 , the +252d spectrum of SN 2010ae bares a striking resemblance to a similarly aged spectrum of the brighter, prototypical Type Iax SN 2002cx. Like SN 2002cx, the spectrum of SN 2010ae exhibits many low-velocity features associated with both forbidden and P-Cygni permitted Fe II lines (see Jha et al. 2006) . The majority of cooling, however, appears to occur through the most prominent emission features being [Ca ii] λλ7291, 7324, and the Ca ii NIR triplet. Additional prevalent features include a PCygni line located at ≈ 5870Å that is probably attributed to Na i D (however [Co ii] λλ5890, 5908 cannot be entirely excluded) and forbidden iron lines including [Fe ii] λλ7155, 7453.
Under close inspection of Figure 12 , SN 2010ae does reveal differences with respect to SN 2002cx, the largest being between the [Ca II] and the Ca II NIR triplet emission features, with both exhibiting different line ratios and being significantly more prominent in SN 2010ae. The cause for these differences is probably related to differences in the physical nature of the underlying ejecta. Turning to the analytical work by Li & McCray (1993) , we attempt to understand these calcium line differences through the comparison of the allowed temperature vs. number density relation of the underlying ejecta. The adopted relations which were developed under a number of assumptions, including for example that N e lies within the regime between the critical density of [Ca ii] (i.e. N e > 10 5 cm 3 ) and that of the critical density of the Ca II NIR triplet (i.e., N e < 10 11 / τ Ca ii ∼ 10 8−9 cm 3 ). In other words, Eq. 21 of Li & McCray (1993) , which uses the ratio ([Ca ii λ7291 + λ7324])/Ca ii λ8542 as an observational input, is assumed to be roughly valid for N e values between 10 5 < N e < 10 9 cm 3 . Therefore, by assuming that the ratio of the underlying T e of the ejecta for both objects is at or near unity, and plugging in the appropriate measured calcium ratios, suggests that the N e of SN 2010ae is approximately a factor 4 smaller than in SN 2002cx. Alternatively, if the values of N e for the two objects are fixed to a constant value, this would suggest that the emitting region of SN 2010ae is ∼ 2000 K less than that of SN 2002cx. We note that these findings are rather insensitive to the range of reddening values that are adopted in this study. From this brief analysis we find that at similar late epochs, the underlying ejecta of SN 2010ae is probably less dense and/or cooler compared to the corresponding line forming regions of SN 2002cx.
Plotted in Figure 13 is the late-phase spectrum of SN 2010ae zoomed in on the wavelength region around the most prominent [Ca ii] features, with zero velocity placed at the expected location of [Ni ii] λ7378. This ion has been associated with a prevalent feature in some SNe Iax (see Foley et al. 2013, their Figure 24 ), but is clearly not present in SN 2010ae nor in SN 2002cx (see Figure 12 ). Also indicated in Figure 13 are the expected locations of [Fe ii] λλ7155, 7453, both of which have been observed in other SNe Iax and core-collapse SNe. The width of the [Ca ii] lines is representative of the majority of emission lines that characterize the late-phase spectrum, which exhibit FWHM (Full-Width-Half-Maximum) velocities ranging between ∼ 700 to 1000 km s −1 , and in addition, show little indication of significant line shifts and/or large scale asymmetries.
In Figure 14 the late-phase spectra of SNe 2002cx and 2010ae are compared to other SNe types at similar epochs. The comparison objects include the normal Type Ia SN 1998bu (Silverman et al. 2013) , the under-luminous Type IIP SN 2008bk, and the Type Ib SN 2007Y (Stritzinger et al. 2009 ). Overall, the comparison indicates that SNe Iax are in a class of their own. As telling as the spectral features identified in the latephase spectrum of SN 2010ae may or may not be, equally telling are those features that are not present. For instance the late-phase spectrum of SN 1998bu shown in Figure 14 contains Figure 14) , while it is typically not present in late spectra of thermonuclear SNe Ia (e.g. Blondin et al. 2012; Silverman et al. 2013) . Recently, however, [O i] has been observed in the subluminous Type Ia SN 2010lp , and is expected to be observed in turbulent deflagration explosions of C/O white dwarfs, the possible progenitor candidates for bright 2002cx-like SNe Iax (e.g. Phillips et al. 2007; Kromer et al. 2013; Fink et al. 2013 ).
Discussion
The observations presented in this paper confirm the existence of another member of a population of fast evolving, low kinetic energy and low luminosity objects similar to SN 2008ha that have hitherto been missed by transient surveys. To place into context the extreme nature of these faint and fast objects with other SNe, plotted in Figure 15 is a comparison between the peak absolute B-band magnitude vs. ∆m 15 for an extended sample of bright, normal and faint SNe Ia observed by the CSP, along with a handful of other well-observed SNe Iax. As confirmed from the figure, SN 2008ha is no longer alone at the extreme end of the luminosity vs. decline-rate relation diagram.
Our model fits to the UVOIR light curves of SNe 2008ha and 2010ae indicates that they have both produced a few×10 −3 M of 56 Ni. Although the amount of 56 Ni is often correlated with effective temperature of the spectra (Nugent et al. 1997; Höeflich et al. 1996) , here we have a low 56 Ni mass, which leads to a rapidly receding photosphere. In turn, the effective diffusion time is quite low, and the heating of the ejecta is driven by the decay of 56 Ni rather than by 56 Co. As 56 Ni has a much shorter half-life than 56 Co, there is more power available per gram of material (Höeflich et al. 1993 ). This has the net effect of producing early photospheric spectra that resemble hot and luminous SNe Ia.
Additional insight within the SNe Iax class is provided from our extended observations of SN 2010ae. The detailed NIR spectral time series of SN 2010ae has allowed us to identify a significant number of Fe-group features that we associate predominately with cobalt. Plotted in Figure 16 is a comparison of post maximum H-band NIR spectroscopy of the normal SN 1999ee (Hamuy et al. 2002) , the sub-luminous 1991bg-like SN 1999by (Höeflich et al. 2002) , and the Type Iax SNe 2005hk A cobalt footprint appears to be ubiquitous to this class of objects and provides additional confirmation that the faint and fast SN 2010ae is indeed spectroscopically similar to the brighter Type Iax objects like SNe 2002cx and 2005hk. Interestingly, as revealed in the comparison of Figure 16 , the structure and distinctiveness of the Co ii forest appears to increase as we go down in the plot. This is probably related to the kinetic energy of the explosion with the least energetic objects suffering less line blending effects. The separation of the features depends on the differential expansion rate of the Fe-group element region combined with the wavelength separation of the multiplets. In normal SNe Ia where the differential expansion rate is high, these features are blended leading to the characteristic features observed (Wheeler et al. 1998) . However, at longer wavelength (∼ 2 µm) the Fe-group element multiplets are only partially blended allowing the individual multiplets to be identified. Even with the large differential expansion rate of normal SNe Ia, the features are reasonable well separated. On the other hand, for subluminous 1991bg-like SNe Ia the Fe-group elements are more confined in velocity space, allowing for the identification of individual blended Fe-group multiplets. For SN 2010ae the Fe-group elements are even more confined in velocity space, leading to the well-separated features associated with the individual multiplets.
Although the Type Iax spectral class exhibits some homogeneity there are a number of observational signatures that demonstrate variety, such as that revealed through the comparison of late-phase spectra. We now turn to the presence of [Fe ii] λ7155 and [Ni ii] λ7378 emission lines, both of which are thought to be formed in the ashes of a deflagration flame (e.g. Maeda et al. 2010) , and thereby provide some clues to the burning physics. Both features are clearly conspicuous in a handful of SNe Iax . However, through examination of the late-phase spectra of the bright SN 2002cx and now the faint SN 2010ae, we find little to no evidence for [Ni ii] λ7378 emission, while [Fe ii] λ7155 is discernible, albeit not at the strength seen in other objects, e.g. SNe 2005P and 2008ge (see Foley et al. 2010c Foley et al. , 2013 . A lack of forbidden lines implies high densities consistent with a fast receding photosphere into the high density regions. Additionally, our analysis of the dominant cooling calcium features provides an indication that there are clear differences in the physical conditions of the underlying ejecta. Additional late-phase observations of other low-and high-luminosity SNe Iax are required to determine how cooling is dependent on the physical parameters of the ejecta. Summarizing, the late-phase spectrum of SN 2010ae resembles SN 2002cx; the main differences observed are the strength and line ratios of the calcium features. Finally, we note that all late-phase spectra obtained to date of spectroscopically classified SNe Iax suggest a relative dense ejecta at low velocity (Jha et al. 2006; Foley et al. 2013; McCully et al. 2013) , and are substantially different from the spectra of similar aged thermonuclear and core-collapse SNe (see Figure 14) .
Initial studies of the bright and energetic Type Iax SNe 2002cx and 2005hk suggested that their observational properties were most consistent with 3-D deflagration models (e.g. Branch et al. 2004; Phillips et al. 2007) . Recently, a suite of modeled calculations of Chandrasekhar mass carbon-oxygen white dwarf models that burn via a turbulent deflagration flame and leave a bound remnant has been published Fink et al. 2013; Jordan et al. 2012 ). These models provide a promising avenue to explain the range of SN Iax luminosi-ties and explosion energies, however, they appear to produce 56 Ni masses that are roughly an order of magnitude larger than the values inferred from the observations of SNe 2008ha and 2010ae. For these extremely low-luminosity, low-ejecta mass objects their origins may be more attuned to the partial thermonuclear incineration of helium-accreting sub-Chandrasekhar mass carbon-oxygen white dwarfs that burn via a deflagration flame, and leave a bound remnant (see e.g. Foley et al. 2013) . Unfortunately, the viability of this progenitor path remains at best conjecture, and additional modeling efforts including full radiative transfer calculations are required to determine if SN can be simulated that create the low 56 Ni masses inferred for the faintest events.
Past efforts to model sub-luminous SNe Ia consist of edge-lit explosions where a helium layer is accreted onto either a subChandrasekhar or a Chandrasekhar mass carbon-oxygen white dwarf, and subsequently initiates a detonation (Livne 1990; Woosley & Weaver 1994; Livne & Arnett 1995) or a double detonation explosion (Fink et al. 2010; Sim et al. 2012; Townsley et al. 2012) . Within this realm, even less robust explosions could occur if the edge-lit explosion does not successfully unbind the white dwarf (Bildsten et al. 2007; Shen et al. 2010; Wang et al. 2013a,b) . However, it is unclear if any variant within this extended family of models can successfully reproduce all of the most important observables of the least luminous SNe Iax, including low velocities, low 56 Ni mass, and the synthesis of IMEs.
Apart from a white dwarf origin others have explored the possibility of fallback models (Valenti et al. 2008; Moriya et al. 2010) , as well as electron-capture SNe from super-AGB (Asymptotic Giant Branch) progenitors (Pumo 2010) , but these avenues appear less likely given the range of observational properties displayed by the SN Iax class. Future efforts to model this unique class of stellar explosions will have to consider the broad range of observational details touched on in this study before a consensus can be reached about whether nature prefers a unique or a multiple progenitor path to produce the range of objects that fall under the SNe Iax designation. In a forthcoming paper we will present model calculations for SN 2010ae. (Li et al. 2003; Phillips et al. 2007 ), SN 2007qd (McClelland et al. 2010 , and SN 2008ha. Figure 16 : H-band NIR spectroscopy of the normal SN 1999ee (Hamuy et al. 2002) and the sub-luminous Type Ia SN 1999by (Höeflich et al. 2002) , compared to the Type Iax SNe 2012Z, 2005hk . The SNe Iax spectra are ordered (top to bottom) from brightest to faintest, and the epoch with respect to maximum light is indicated for each object. Co ii features appear to be a ubiquitous signature of SNe Iax class, showing increased prominence in the lowest velocity objects. Note. -Uncertainties given in parentheses in thousandths of a magnitude correspond to an rms of the magnitudes obtained on photometric nights. Table 2 . PROMPT optical photometry of SN 2010ae in the standard system. 
